The recovery rate of the titanium is much low in the current process of the vanadium titanomagnetite resource in Panzhihua, China. The carbothermic reduction process in the microwave filed was proposed because the problem caused by Ti(C,N) should be avoid and the TiO2 content in the slag should increase. The reduction behavior of the ore in microwave and the distribution of the elements during the smelting process were studied. The heating rate of the vanadium titanomagnetite in the microwave field can be divided into three stages: the very fast heating period in initial 25 minutes in which no apparent reduction happens, the slow heating period in which the solid reduction of the magnetite decreases the heating rate, another fast heating period in which the reduction of ilmenite happens. About 60% of iron from 1 kg of the ore and carbonaceous materials was obtained by an energy supply of 10 kW by microwave irradiation in 120 min. The recovery ratios of Fe, V and Si increase with increasing the reduction temperature. The addition of the CaO can increase the recovery ratio of Fe and V, but decrease the recovery ratio of Si.
Introduction
There is a special and huge iron ore deposit called vanadium titanomagnetite, about 10 billion tonnage, in Panzhihua area, southwest of China. The average content of Fe and TiO 2 is about 30% and 9% individually in the original mineral.
1) The whole flow sheet of the process is schematically shown in Fig. 1 . The magnetite concentrate and the ilmenite concentrate are the two main products after the twice beneficiation process respectively, whose classical chemical composition are shown in Table 1 . In the BF process, the elements such as Fe and V in magnetite concentrate are both reduced into hot metal, while most of the titanium in the concentrate was not reduced and remained in the slag. In the BOF process, the V in the hot metal is oxidized into the slag which is calcined with sodium salt or calcium salt and then leached to produce V 2 O 5 . For the EAF process, the Fe in the ilmenite concentrate is reduced to metal and the Ti is remained in the slag, forming the high TiO 2 slag, which is used to produce titanium pigment by sulfate process or chlorination process. The recovery rate of the Fe, V, and Ti is about 70%, 39% and 13% individually. 2) Titanium is a very important and useful metal which is widely used in the aerospace and chemical industrial. Many countries regard the deposit of titanium as a strategic resource. China is abundant in titanium, account for about 48% of the world. However, the recovery rate of the titanium is too low in the current process of the vanadium titanomagnetite resource. As shown in Fig. 1 , about 54% titanium contained in the magnetite concentrate converts into blast furnace slag with little usage. Figure 2 shows the dependency of TiO 2 content on the usage ratio of vanadium titanomagnetite and the change of viscosity with the content of TiO 2 .
3) It indicates that the critical content of TiO 2 is about ISIJ International, Vol. 53 (2013), No. 7 25% despite of the usage ratio of the vanadium titanomagnetite. The reason is that the Ti(C,N) is formed easily in the hearth of the blast furnace if the content TiO2 beyond 25%, resulting in the dramatic increase of the viscosity of the blast furnace slag and the difficulty of the separation between the slag and the hot metal. However, the utilization of the blast furnace slag containing high TiO2 is another big difficulty. The ability of milling of the slag is poor because of CaTiO3 with high hardness. The processing cost will increase if this slag is used as the materials for cement production. In the view of recovery of titanium, 20-25% TiO2 is neither high for directly utilization nor low to drop off. A new process is necessary to be developed and the recovery rates of all metal elements require improvement. [4] [5] [6] Recently, the microwave was widely introduced to as a heat resource for the reduction of iron ore or the other minerals. For example, Ishizaki et al. studied the reduction behavior of magnetite and carbonaceous material by microwave irradiation, 7) Nishoka et al. also reported the reduction behavior of the iron ore by the plastic with the microwave heating. 8) Guo also studied the heating property of the ilmenite which is also a minor phase contained in the vanadium titanomagnetite. 7, 8) Therefore, Carbothermic reduction assisted with microwave radiation was proposed to process the vanadium titanomagnetite ore in this study because microwave as the heating method will decrease the using amount of coal and the atmosphere is the microwave oven is not so reductive as that in blast furnace, the problem caused by Ti(C,N) should be avoid. In addition, the TiO2 content in the slag should increase if the usage ratio of vanadium titanomagnetite increases and the flux used during the separation between the metal and slag decreases. Therefore, the new process, Carbothermic reduction assisted with microwave radiation followed by the smelting with EAF has the perspective potential to recovery the Ti from the vanadium titanomagnetite resource, is the objective of this study. As a simulation study of the proposal process, The reduction behavior of the vanadium titanomagnetite ore in the microwave process and the distribution of the elements during the smelting process were studied.
Experimental
The vanadium titanomagnetite ore was got from Panzhihua, Sichuan, China. The chemical composition is shown in Table 2 . The coal used was got from one steel plant, and the industrial analysis of the coal is shown in Table 3 . The analysis grade of CaO was used as the flux and the purification degree of the CaO is above 98%. The molar ratio of Cfixed/ O(bonded with Fe) in the study was fixed at 1.2. The materials were weighted and mixed homogeneously. The microwave oven used in this study is from Taiyuan University of technology, Shanxi, China. The schematic figure of the microwave oven and the crucible used are shown in Fig. 3 . The frequency of the microwave is 2.45 GHz. The maximum power of the microwave is 15 kw and the power used in this study is kept at 10 kw. The temperature was measured by thermocouple, which was immerged into the samples contained in the crucible.
The phase composition of the original sample and the sample reduced were check by X-ray diffraction method which is carried on D/MAX 3C (Co Kα).
The smelting process of the reduced samples in the microwave oven was also carried out in an induced furnace, which was designed by the Shanghai experimental electric furnace company, with power of 50 kVA medium frequency (1.0 kHz single phase). The temperature during the process was about 1 550°C. The metal separated from the slag during the smelting process. The samples of the metal and the slag were analyzed after separation.
The experimental schedule is shown in Table 4 . There are six runs of the experiment. The first four runs in which 1 kg pellets made with the mixture of concentrate and coke were used to check the effect of heating pattern, CaO addition and the thermal insulation on the reduction. According to the ternary phase diagram of TiO2-SiO2-CaO, 4.5% CaO was added into the concentrate to easily form the liquid phase in the slag, which is good for the separation between the metal and slag. The last two runs in which 1.6 kg powder of mixture was used to check the influence the flux addition and the total mass on the reduction. 
4.
It shows that the heating rates of all the samples in the first 10 minutes are very similar, all the samples can reach 600°C quickly at the same time, the heating rate was about 60°C min -1 . The heating difference gradually appears after 10 minutes. The temperature difference between the powder sample and pellet sample becomes great after 25 minutes. The samples with less mass (1 kg) can still have a relative high heating rate and can reach 1 250°C after another 50 minutes (total 75 minutes). However, for the samples with more mass (1.6 kg), the heating rate is very different with the four samples with less mass. The heating process can be divided into three stages according to the change of heating rate, which is shown in Fig. 5 . It shows that the heating rate reach the maximum at 10 minutes. There are general two heating rate peaks in all the heating curves. It should be caused by the phase transformation during the reduction; the detail explanation was given in the following part. The first stage ends after 25 minutes, the second one begins from the 25 minutes and end at the 75 minutes for sample No. 6 and 100 minutes for sample No. 5. The average heating rate during the second stage are about 2.3°C min magnetite with the heating curves, it indicates that the gas reduction of the magnetite by CO (730-960°C) decreases the heating rate of samples because 1) as a good microwave absorbent, magnetic decrease with the reduction, 2) the reduction of the magnetite is the endothermic reaction. After most of the magnetite is reduced to the wusitite, the absorption of microwave by the un-react coke and ilmenite can heat the sample to the higher temperature. Once the samples reach to about 1 200°C, the reduction of ilmenite, 9, 10) resulting the decrease of ilmenite can slow the heating rate of the sample, causing the appearance of second heating rate peak.
The effect of heat-resistance lid which was put on the top of the crucible on the microwave heating can be got by comparing samples No. 1-4. It indicates that there is less influence of the top heat preserve method on the heating rate. The influence of CaO addition on the heating rate can be got by comparing sample No. 1 with No. 4, and No. 5 with No. 6. It indicates that the addition of CaO has less effect on the heating behavior of the pellets.
Reduction Behavior of the Vanadium Titanomagnetite in the Microwave Field
The reduction behavior in present study refers to the metallization ratio of the sample reduced, which is defined as: (1) where, MFe and TFe are the mass fraction of the metallic iron and the total iron in the samples reduced respectively.
The chemical composition of the sample reduced is shown in Table 5 . It indicates that the metallization ratio of the sample increases with increasing the maximum temperature reached. The addition of CaO is good for the enhancement of the metallization ratio of the sample; the possible reason for this is that the addition of CaO can increase the reducibility of iron oxide.
11) The phase composition of the samples is shown in Fig. 6 . It indicates that the main phase 
Recovery Ratio of the Elements After Smelting
Process The sample after smelting was shown in Fig. 8 (2) where, Re, Me, Oe represent the recovery ratio, mass of the element in metal and the mass of the element in the ore respectively. The results of the recovery ratio calculated are shown in Fig. 9 . It indicate that the recovery ratio of the Fe, V and Si increase with increasing the maximum temperature of the samples reached which is shown in Table 4 . The addition of the CaO can leads to suppression of reduction of SiO2, because the addition of CaO can steady SiO2, resulting more difficult to reduce the Si with carbon.
The recovery ratio of Fe and V is only about 90% and 6% respectively in the new process which is reduction with carbon assisted with microwave followed by smelting process. It means that after the smelting process, about more than 90% V and about 10% Fe are still remained in the slag. Therefore, another further reduction process which can produce high vanadium ferrous alloy is available. For the traditional BF-BOF process, the enrichment of the V by calcinations with sodium slat or calcium salt and followed by leaching process is necessary to produce V2O5 which is the raw material for high vanadium ferrous alloy, which always causes the environment pollution and requires the process investment. In the non-BF process presented in this study, the high vanadium ferrous alloy can be directly produced in the smelting furnace after dapping of the semisteel, which is a short process for high efficiency.
Conclusions
The reduction of vanadium titanomagnetite assisted with microwave radiation was carried out in present study. The conclusion can be summarized as follows:
(1) The heating rate of the vanadium titanomagnetite in the microwave field can be divided into three stages: the very fast heating period in initial 25 minutes in which no apparent reduction happens, the slow heating period in which the solid reduction of the magnetite decreases the heating rate, another fast heating period in which the reduction of ilmenite happens.
(2) About 60% of iron from 1 kg of the ore and carbonaceous materials was obtained by an energy supply of 10 kW by microwave irradiation in 120 min. The minimum power supply for this reduction performance need further study.
(3) The recovery ratio of the Fe, V and Si increase with increasing the reduction temperature. The addition of the CaO can increase the recovery ratio of Fe and V, but decrease the recovery ratio of Si. 
